An experimental system for rapid measurement of regional lung deposition of Di-2-ethylhexyl sebacate (DEHS) aerosol particles was established in the present study. The principal goal was to identify the most relevant components of the sampling train and the proper instruments to be employed. After completing the search for an optimal sampling train and instruments, a human subject test was performed. Overall, the sampling train consisted of a mouthpiece, flow meter, and particle counter. The mouthpiece was attached to a Fleisch pneumotachograph. Several TSI condensation particle counters (CPCs), a PC-LabCard and a personal computer were employed to measure and record the counts of test particles at 100 Hz. A cylinder-piston breathing machine was built to generate a series of "standard" breathing patterns. For non-human subject tests, an acrylic tube, 5 cm diameter × 60 cm length, packed with a piece of 100 ppi foam disks was used as a substitute for the human respiratory tract. The optimal sampling train was determined to be a 1TH Fleisch pneumotachograph with a CPC model 3025A because of its short response time and low flow fluctuation. A healthy non-smoking man volunteered to be the subject, and was asked to follow breathing patterns generated by a cylinder-piston breathing machine. The local deposition efficiency was calculated for 1 μm DEHS particles of each 50 cm 3 volumetric region. The deposition data showed a good agreement with previous studies. Compared to the conventional bolus system, the advantage of the rapid measurement system developed in this work is its simplicity, low exposure, and high efficiency.
INTRODUCTION
Inhalation is the most important route of entry for atmospheric aerosol. Further, it is necessary to determine the specific region of particle deposition in the respiratory tract for properly evaluating human health risk. For example, a larger particle such as pollen may deposit in the upper airway and merely cause a sneeze, while smaller particles could deposit in the alveoli and result in serious diseases. The physical factors that result in differences in regional lung deposition are similar to those of particles collecting on a filter. However, filtration normally occurs under a steady flow rate, while the living body is a complex system of changing geometry, unsteady flow rates, and variable flow directions resulting from the breathing cycle.
Several methods have been developed to determine lung deposition in humans. Total deposition measurements estimated the intake dose by comparing the aerosol concentrations in inhaled and exhaled air (Heyder et al., 1973; Heyder et al., 1975; Yu and Diu, 1983; Tu and Knutson, 1984; Brand et al., 2000; Jaques and Kim, 2000; Kim and Jaques, 2004; Montoya et al., 2004; Kim and Jaques, 2005; Löndahl et al., 2006) . These data are useful to determining the overall dose of therapeutic or toxic aerosols a person has received. However, local deposition measurements provide detailed information on the longitudinal regional distribution of deposition within the respiratory tract.
To gain a more detailed assessment of regional lung deposition, researchers have employed methods such as the artificial model (cast) of the human respiratory tract (Chan and Lippmann, 1980; Grgic et al., 2006; Su and Cheng, 2006; Ali et al., 2008; Zhou et al., 2011) , inhalation of particles labeled with γ-emitting radionuclide (Lippmann and Albert, 1969; Stahlhofen et al., 1980; Hashish et al., 1998; Möller et al., 2006) , and mathematical models (Yu and Diu, 1983; ICPR, 1994; Asgharian et al., 2006; Wexler, 2007, 2008; Luo and Liu, 2009 ). Such studies have confirmed aerosol deposition in the respiratory tract is strongly influenced by aerosol size, aerosol charge distribution, and breathing pattern Blanchard and Willeke, 1983; Yu and Diu, 1983; Kim and Jaques, 2004; Kim and Hu, 2006; Ali et al., 2008; Park and Wexler, 2008) and lung morphometric parameters (Cheng et al., 1996; Hofmann et al., 1999) . However, all these methods have limitations. A hollow cast is not equivalent to a living organ. Methods involving inhalation of aerosol particles labeled with γ-emitting radionuclide are cumbersome and expose human subjects to radioactive substances. Mathematical and computer models are developed on the basis of simplified airway geometry and flow conditions to shorten computation time, and therefore, need to be validated by experimental data.
The serial bolus delivery technique, developed about three decades ago, is a non-invasive physiological lung test, involving injection of small volumes of monodisperse aerosols (the bolus) into predetermined volumetric in vivo lung regions of humans during inhalation of clean, aerosolfree air (Kim et al., 1996; rand et al., 1997; Heyder et al., 1988; Grgic et al., 2006) . The difference in the spread of the bolus between inspiration and expiration is evaluated via plots of aerosol concentration versus respired volume and is thought to be closely related to the conditions of the convective flow in the lungs. In addition to determining regional deposition of inhaled particles, the aerosol bolus technique is also a promising tool for detecting early lung impairment in individuals (McCawley and Lippmann, 1988; Rosenthal et al., 1992; Westenberger et al., 1992; Anderson et al., 1994; Brand et al., 1994) . However, the aerosol bolus dispersion process is time-consuming because only one aerosol size and one regional deposition efficiency can be measured at a time. Another disadvantage is a high concentration of challenge aerosols is needed to ensure the accuracy and precision of the measurement. For the bolus method, the normal aerosol concentrations range from 2 × 10 3 to 4 × 10 4 particles/cm 3 , depending on the size of the challenge aerosols (Kim et al., 1996) .
Single-breath inhalation experimentation has been advocated as an alternative for measuring longitudinal distribution of deposited particles in the respiratory tract, and for investigating the influence of lung diseases (Brand et al., 1999) . This single-breath technique is now even more convincing with advances in aerosol instrumentation, allowing higher sampling rates and better aerosol size resolution. However, there is still no accepted standardized method. The aim of the present study was to develop and optimize a sampling train to work with commercially available aerosol instruments for rapid measurement of regional lung deposition, which, hopefully, will lead to a standard methodology.
EXPERIMENTAL MATERIALS AND METHODS
To follow the concept of a single breath, the optimal design of the experimental apparatus was to shorten the response time of the sampling train. The optimization process also considered the sampling rate and flow fluctuation of the aerosol instruments employed in this work. After the test system was optimized, human tests were conducted to validate the design. Each test was repeated at least 5 times.
Optimization of the Sampling Train
The test apparatus was divided into three parts: aerosol generation, aerosol measurement and sampling train, as shown in Fig. 1 . To produce a steady concentration of monodisperse aerosol, a condensation monodisperse aerosol generator (Model 3075, TSI Inc., St. Paul, MN, U.S.A.) was used. Di-2-ethylhexyl sebacate (DEHS)-ethanol solution was used as the test agent. Before being introduced into the mixing chamber, the aerosol output was neutralized by passing through an annular 25 mCi Am-241 radioactive source. The cylindrical mixing chamber consisted of an aluminum tube with a height of 180 cm and diameter of 7.8 cm. An aerosol free dilution air was injected into the mixing chamber at test flows ranging from 15 to 100 L/min, equivalent to duct velocity from 0.05 to 0.35 m/s (flow rate/cross sectional area of the duct). The relative humidity (RH) of the dilution air was conditioned to carry relative humidity of 70 to 80%, for the comfort of the subjects. All air flows were controlled using mass flow controllers (Teledyne Hastings Instruments, Hampton, VA, U.S.A.) and calibrated with an electronic bubble meter (Gilibrator, Gilian Instrument Crop., Wayne, NJ, U.S.A.) or a homemade spirometer (for flow higher than 30 L/min). A scanning mobility particle sizer (SMPS; Model 3936, TSI Inc.) and an aerodynamic particle sizer (APS, Model 3321, TSI Inc.) were used to monitor the aerosol number concentration and size distribution. The particle concentration was about 3000 #/cm 3 in the mixing chamber when the dilution flow was 100 L/min. The main sampling train consisted of a mouthpiece, a flow meter, and a particle counter. The mouthpiece was attached to the flow meter to have a minimum dead space. In the present study, TSI condensation particle counters (CPCs) were used to measure the particle number concentrations. During respiration, aerosol particles were sampled continuously from the sampling train into a CPC via T-port attached to the mouthpiece. By using a PC-LabCard (PCI-1710HG-A, Advantec Inc., Taipei, Taiwan) and a personal computer, the CPC could measure the particle number count at a frequency of 100 Hz. To optimize the experimental system, combinations of three different models of TSI CPCs (Model 3010, 3022A, and 3025A) with three Fleisch pneumotachograph flow meters: Fleisch 1TH (P 1 ), 0TH (P 0 ), and 00TH (P 00 ), and two home-made flow meters (P h1 and P h2 ) were compared for response time and flow rate fluctuation of CPCs at different pressure drop conditions. The detailed dimensions of these sampling probes are listed in Table 1 . In order to avoid condensation on the sampling train, the flow meter was heated to slightly higher than 37°C. Low sampling frequencies were arbitrarily chosen for in this part of experiment. The 5.4 bpm (breath per minute) was randomly picked to enhance and demonstrate the dead space effect due to sampling probes and pneumotachograph flow meters.
The CPC flow rate fluctuations and pressure drop curves were recorded using pressure transducers (PX653-2.5BD5V, Omega Engineering Inc., Stamford, CT), which were connected to a PC-LabCard and a personal computer. The pressure transducers were calibrated against an inclined manometer. A cylinder-piston type of breathing machine was used to generate a series of sinusoidal breathing patterns of different breathing frequencies and tidal volumes. Cyclic flows are easier than constant flows for subjects to follow because it is difficult to accelerate from zero to a constant flow in a short period of time. An acrylic tube, 5 cm diameter × 60 cm length, packed with 100 ppi (pore per inch) foam disks was used as a substitute for the human respiratory tract, to simulate lung deposition during this part of the experiment. The collection efficiency of foam disk was not exactly the same as the particle deposition efficiency in human respiratory tract, but the trend of the particle deposition was similar. The main purpose of this simulated lung was to test the response time of the sampling train and the aerosol measurement instruments, not to compare with the human lung deposition.
Human Subject Test
The regional lung deposition measurements were made with the sampling train, which was optimized according to the procedures described in part a. A healthy non-smoking man (age 30 yr, height 160 cm, weight 63 kg) volunteered to be the subject. The breathing patterns generated by the cylinder-piston breathing machine were shown on a monitor in front of the subject for him to follow. It took about an hour for the subject to practice and to follow the breathing curves reasonably well, within 5% error per breathing cycle. The aerosol deposition data of the deviated breathing cycle were removed manually during data analysis.
To calculate the longitudinal distribution of aerosol deposition, tidal volume can be divided into infinitesimally small volume elements, or n elements. Aerosol particles within each volume element of the respiratory tract system are assumed to deposit with an efficiency of x i as they are inhaled and exhaled again with the same deposition efficiency penetrating through the same volume element (i) (Kim et al., 1996; Brand et al., 1999) . Aerosol recovery from the i th volume element, RCi, can be obtained by
Notice that aerosol deposition fraction in i th volume element (DF i ) is the sum of depositions during inspiration and expiration. The local deposition fraction in the i th volume element, LDF i , can be expressed as
RESULTS AND DISCUSSION
The airflow rate in the mixing chamber needed to be high enough, to prevent the exhaled breath, normally with lower aerosol concentration due to lung deposition, from being re-sampled, because it might interfere with the calculation of regional lung deposition based on the recovery model. Fig. 2 shows four curves of normalized aerosol concentrations (particle concentration sampled/particle concentration in the mixing chamber) of four different dilution air flow rates, during a breathing cycle with a tidal volume of 500 mL and an arbitrary breathing frequency of 10.5 breath/min (bpm). At the beginning of the inhalation phase, particle concentration apparently increased with increasing duct velocity. This occurred because higher chamber aerosol flow flushed the clean exhaled air more completely. Therefore, the 'response time' to reach the chamber aerosol concentration decreased with increasing chamber airflows. The effect of airflow was especially significant when the flow was lower than 50 L/min (0.18 m/s), but not as significant for a flow rate higher than 50 L/min. However, to achieve the faster response time, the dilution flow rate was set at 100 L/min in the present study.
Three models of CPCs (TSI 3010, 3022 and 3025) operated under either high or low flow mode, were tested for response time. To obtain the near-real response time, filtered airflow slightly higher than the sampling flow of particle counter was introduced into the sampling train to assure the particle counter did not sample any particles, as shown in Fig. 3 . Once the filtered airflow was turned off, the aerosol concentration increased with time and eventually reached the same level as in the mixing chamber. Depending on the volume and sampling flow rate of the sampling train of each particle counter, the CPCs in order of response from fastest to slowest were 3025-H (High flow), 3010, 3022-H, 3025-L (Low flow), and 3022-L. The response (from 0 to 95%) of CPC 3025-H was about 1 second, 3.5 times faster than 3010 and 3022-H. Consequently, the CPC 3025-H was selected for subsequent experiments.
The pneumotachograph posed the most significant part of air resistance of the whole sampling train. A large flow meter normally caused a lower pressure drop, but the large volume resulted in a longer response time. Therefore, two smaller homemade flow meters, together with three Fleisch pneumotachographs (shown in Table 1 ) were tested to decide the best one to be installed in the system. The pressure drop curves of five flow meters at a tidal volume of 500 mL and 9 bpm were shown in Fig. 4 . The three Fleisch pneumotachographs delivered a more symmetrical curve than the homemade flow meters during a full cycle of breathing. This was because the homemade flow meters only measured a single static pressure, while the Fleisch pneumotachograph flow meters measured the difference between two static pressures. The asymmetrical pressure curves were difficult for human subjects to follow, especially for the low signal period. On the other hand, the P 00 Fleisch pneumotachograph, the smallest flow meter, posed the highest pressure drop, and became a serious challenge to the internal pump of CPC, especially during a breathing cycle. The flow fluctuation acting on the CPC might affect particle concentration measurement. A flow rate higher than the manufacturer's recommendation might produce higher particle concentrations, and vice versa, with lower flow rates resulting in lower concentrations. According to the TSI CPC design, a flow rate would be considered inappropriate (error message, lamp on) if it was over ± 10% of the recommended value. This criterion was employed to judge whether the CPC flow rate fluctuation was acceptable. However, it was not easy to monitor the CPC flow rate directly in real time. Therefore, the CPC sampling inlet pressure was monitored instead, to record the fluctuation in the CPC flow rate. In theory, the largest diameter tube, i.e., P 1 Fleisch pneumotachograph would alleviate the flow fluctuation in the CPC during the breathing cycle. However, the large tube also caused a longer response time because of larger volume, as shown in Fig. 5 . Similar to the system used in Fig. 3 , the CPC sampled filtered air (5 L/min) to record a zero particle count. The excess flow was pushed into the chamber. Once the 3-way valve turned off, the CPC started sampling aerosols from mixing chamber. The sampling train had a maximum volume of 45 cm 3 (dead space) when equipped with P 1 Fleisch pneumotachograph and caused an approximately 1 second lag in response time for CPC model 3025 (high flow mode). The response times of pneumotachographs P 0 and P 00 were much shorter due to smaller dead space.
However, the effect of dead space on the response time of CPC measurement was not significant when the sampling train was attached to the breathing machine, when operated under a tidal volume of 500 mL and breathing frequency of 5.4 bpm. The particle concentration response times of three probes were almost the same, as shown in Fig. 6 . This was because the flow rate generated by the breathing machine dominated and weakened the difference among the different sized flow meters.
For the cases of higher breathing flow (i.e., higher tidal volume and breathing frequency) the particle concentration fluctuated more significantly during the inhalation when the sampling train was incorporated with a P 00 Fleisch pneumotachograph, as shown in Fig. 7 . The fluctuation in particle number concentration increased with increasing breathing frequency (from 10 to 15 bpm) and tidal volume (from 500 to 800 mL) during inhalation. This was apparently due to the fluctuation in the CPC flow rate. Therefore, the P 1 Fleisch pneumotachograph was recommended to reduce the effect of pressure drop change on the CPC sampling flow, especially when the breathing flow was high.
The working ranges of the three Pneumotachographs in terms of breathing patterns are shown in Fig. 8 . The CPC inlet pressure drop was under the maximal pressure drop during breathing cycles. The error (Lamp on) of CPC 3025 flow fluctuation was less than ± 10% if the CPC inlet pressure drop was lower than -13 mm H 2 O for the P 1 Fleisch pneumotachograph. For example, the maximum acceptable breathing frequency for P 1 Fleisch pneumotachograph was about 15 bpm with a tidal volume of 800 mL. Pneumotachographs P 0 and P 00 can only be used under unusually low breathing frequencies, less than 11 and 6 bpm, respectively. Based on the data shown in Figs. 5-8, the largest flow meter P 1 is strongly recommended when considering both response time and flow fluctuation.
To validate the effectiveness of this sampling train, monodisperse 1-μm DEHS particles were used as the test agent in a regional lung deposition measurement for a young male volunteer. He was asked to follow a breathing pattern (tidal volume 500 mL, breathing frequency 15 bpm) generated using a breathing machine. The particle concentration in the mixing chamber was about 1000-3000 #/cm 3 . Fig. 9 shows the local deposition values for each 50 cm 3 volumetric regional as a function of penetration volume. These data were repeated more than five times. The local deposition efficiency was calculated for each 50 cm 3 volumetric region to compare with the data reported by Kim et al. (1996) . Our data agreed well with Kim's data (solid line), except in the deep lung (400-500 mL), i.e., alveolar region. The higher deposition efficiency in the deep lung was very repeatable using the experimental apparatus developed in this work. This high deposition efficiency is likely due to the 'dilution effect' of functional residual capacity (FRC), where the aerosol concentration was expected to be low due to the long retention time in that region. For some reasons, this dilution effect was not shown in Kim's experiment using the bolus technique probably because Kim's study employed a single-breath method that involved maximal expiration to RV (Residual volume). Therefore, the local deposition efficiency value in deep region (400-500 mL) measured in this this work was higher than Kim's. In theory, inertial impaction plays an important role in the first few generations of bifurcation where the velocity is high. For the rest of the respiratory airways, the gravitational settling becomes dominant. Therefore, the local deposition efficiency increases with volumetric lung regions. The limiting factor of this part of the experiment is that CPC does not size particles. If a high sampling rate aerosol spectrometer, such as 100 Hz of Welas 3000 (Palas Gmbh, Karlsruhe, Germany), can be employed, the regional deposition as a function of penetration volume can be resolved at an even higher resolution. Local deposition fraction was calculated as a function of penetration volume, as shown in Fig. 10 . The trend of data collected in this work was similar to that of Kim's, but the deposition fraction was slightly higher. Since there was only one subject tested in the present study, the difference might not be of particular significance. The comparison of regional deposition data between the bolus technique (used by Kim) and the method adopted in this work will be published elsewhere.
CONCLUSIONS AND RECOMMENDATIONS
The experimental system for rapid measurement of regional lung deposition was successfully developed. This system functioned well at low particle concentration (1000-3000 #/cm 3 ). The condensation particle counters needed to operate under high flow mode to reduce the time lag to reach steady aerosol concentration. CPC 3025 has the fastest response time of all CPC models tested due to its small dead volume. The flow monitoring device showing the breathing pattern is critical to overall system performance. The pneumotachograph needs to generate a clear signal of breathing pattern for the subject to follow to obtain good quality lung deposition data. Among the flow meters tested in this work, the largest P 1 pneumotachograph is the only device suitable for normal breathing. Smaller pneumotachographs can only be used when the breathing flow (combination of breathing frequency and tidal volume) is lower than desirable.
The CPC flow rates fluctuated during the breathing cycle. A more powerful pump or external pump is needed for CPC to reduce this intrinsic error. We recommend aerosol size spectrometers with a sampling rate up to 100 Hz be investigated in the future. The high deposition efficiency in the deep lung is likely due to the 'dilution effect' of functional residual capacity (FRC), where the aerosol concentration was expected to be low due to the long retention time in that region. This dilution effect needs to be validated, preferably with an advanced bolus system equipped with better breathing pattern control and aerosol counter.
